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Analysis of changes to song 

To characterize changes to the structure of individual syllables, we used a subjective 
scoring procedure similar to that employed in previous studies of birdsong'*"". Observers 
who were blind to the experimental manipulation of each bird scored the similarity 
between spectrographic representations of syllables from songs recorded before any 
manipulation and those from later songs. For each baseline syllable that was initially 
present in the repertoire of a bird (5-12 distinct syllables per bird), observers identified the 
most similar syllable present in songs recorded at later dates. Observers additionally 
judged the degree of similarity between each baseline syllable and its best match on a scale 
of 0 (no similarity) to 3 (identical). As a measure of the maximum expected deterioration 
of syllables, we determined the random similarity between syllables of songs from 
unrelated birds (n = 12 pairs of songs). This random similarity averaged 0.9, indicating 
some generic similarity between the syllables of unrelated zebra finches. Scores were 
averaged across 3 observers (mean ? for pairwise correlation of observers' scores, 0.81). 
All songs were recorded from birds isolated in sound attenuating boxes and were 
therefore 'undirected'. Significance of differences between groups was based on a criterion 
of P < 0.05 using analysis of variance (ANOVA) and post-hoc Fischer's Protected Least 
Significant Difference tests. 

To assess temporal stability, songs were represented by the timing of syllable production, 
while the spectral structure of individual syllables was ignored. For each bird, the timing 
pattern representing the most common motif before any experimental manipulation was 
identified. We then searched songs fi^m later recording sessions for the pattern of syllables 
that provided the closest temporal match to the initial motif. At each offset (in increments 
of 5 ms) between motif and song, we quantified the temporal overlap as the average of the 
percentage overiap of syllables and the percentage overlap of intervals. For each bird, the 
maximal overlap was calculated for 10 songs and then averaged to provide a measure 
('xcorr') of how well the temporal pattern of song was conserved following experimental 
manipulation. Because the delivery of some songs speeded up 'proportionately' over time 
(that is, with no apparent change in the relative durations of notes and intervals), we 
allowed for proportional changes in the temporal pattern of the song (ranging from 75% 
to 1 10% of initial song duration) in searching for the maximal overlap. To control partially 
for varying complexity of different birds* motifs, we calculated the maximal overlaps 
between each bird's motif and randomly selected songs fix)m unrelated birds ('rand'). The 
temporal stability of song was then expressed as a normalized value ranging from 0 
(indicating no more preservation of temporal pattern than random) to 1 (indicating 
perfect preservation of temporal pattern). The baseline motif for one pair of brothers had a 
very simple temporal pattern (3 syllables) and consequently showed a high degree of 
temporal similarity to all songs (including those from unrelated birds). This pair of birds 
was therefore excluded from further analysis of changes in temporal pattern. 
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The £niit, which mediates the maturation and dispersal of seeds, is 
a complex structure unique to flowering plants. Seed dispersal in 
plants such as Arabidopsis occurs by a process called £ruit 
dehiscence, or pod shatter. Few studies*"^ have focused on identi- 
fying genes that regulate this process, in spite of the agronomic 
value of controlling seed dispersal in crop plants such as canola^*^. 
Here we show that the closely related SHATTERPROOF (SHPl) 
and SHATTERPROOF! (SHPl) MADS-box genes are required for 
fruit dehiscence in Arabidopsis, Moreover, SHPl and SHPl are 
functionally redundant, as neither single mutant displays a novel 
phenotype. Our studies of shpl shpl fruit, and of plants con- 
stitutively expressing SHPl and 5HP2, show that these two genes 
control dehiscence zone differentiation and promote the lignifica- 
tion of adjacent cells. Our results indicate that further analysis of 
the molecular events underlying fruit dehiscence may allow 
genetic manipulation of pod shatter in crop plants. 

The MADS-box gene family encodes transcriptional regulators 
involved in diverse aspects of plant development, and phylogenetic 
and functional studies show extensive redundancy between family 
members^'. SHPl and SHPl (previously known as AGLl and 
AGL5) were two strong candidates for functional redundancy, as 
they share 87% identity at the amino-acid sequence level and show 
almost identical expression patterns in developing Arabidopsis fruit 
(refs 10-12; and C. Ferrandiz, Y.E., J.LB. and M.F.Y., unpublished 
results). 



* Present address: Calgene, Davis, California 95616, USA. 
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Arabidopsis is typical of the more than 3,000 species of the 
Brassicaceae, producing dry dehiscent fruit in which two carpel 
valves are joined to the replum, a thin structure that separates the 
valves (Fig. 1)*^"*^. At the valve- replum boundary (valve margin), a 




Rgure 1 Arabidopsis iruix structure and dehiscence, a. b, Wild-type gynoecium at 
fertilization (a) and during fruit dehiscence (b). c, Proposed factors contributing to fruit 
dehiscence. Before dehiscence, small patches of valve margin cells immediately adjacent 
to the dehiscence zone become lignifled, as well as an internal valve cell layer. As the fruit 
dries, the thin-walled ceils of the valves shrink, aeating tension within the rigid iignified 
regions. Once middle lamellar breal^down between dehiscence zone cells occurs, this 
tension contributes to valve separation from the replum. 




Figure 2 SHPI and SHP23C\ redundantly and are required for dehiscence zone 
differentiation, a-d, Wild-type (wt) fruit (stage 1 8) show well developed dehiscence zones 
(dz) and separation of the valves from the replum is already apparent at the fruit base 



narrow band of cells develops into the dehiscence zone". Late in 
fruit development (stage 18/19), breakdown of the middle lamella 
between dehiscence zone cells leads to detachment of the valve from 
the replum, allowing seed dispersal (Fig. Ib)^*"*". Lignification of 
valve margin cells adjacent to the dehiscence zone and of an internal 
valve cell layer is proposed to contribute to pod shatter (Fig. Ic)**. 
Within the developing gynoecium, SHPI and SHP2 are expressed in 
four medial domains which become narrow stripes (stage 9) before 
the valve margin is distinct (stage 12). This expression pattern at the 
valve margin is maintained after fertilization, indicating that SHPI 
and SHP2 may function both to specify the valve margin and to 
direct dehiscence zone development in the mature fruit. 

Using a polymerase chain reaction (PGR) -based screen of a T- 
DNA insertional collection, we identified a line containing a 
disruption in the SHPI gene. Subsequent RNA blot analysis con- 
firmed our isolation of a putative shpl loss-of- function allele (data 
not shown). The SHP2 gene was previously targeted for knockout 
by homologous recombination*'. Although both single mutants 
have putative loss-of- function alleles, shpl-1 and shp2-l fruit show 
no detectable differences from wild-type fruit (data not shown). In 
contrast, shpl shp2 double mutants have a striking phenotype, as the 
mature fruit fail to dehisce. Through shpl and shp2 mutagenesis 
screens for plants producing indehiscent fruit, we have identified 
additional mutant alleles of SHP2 and SHPly respectively. 

Phenotypic differences between the valve margins of shpl shp2 
and wild- type fruit are first detected after fertilization. At this point, 
valve margin cells (about four cell files) in wild-type fruit expand 
more slowly than valve cells, resulting in a noticeable constriction of 
the valve margin'^. Scanning electron microscopy and transverse 
sections of shpl shp2 fruit (stage 14) show less constriction of the 
valve margins than wild- type fruit (data not shown). Later in wild- 
type fruit development (stage 16/17), valve margin cells (two cell 
files) closest to the replum form the dehiscence zone, and separation 
between dehiscence zone cells begins to occur in mature fiiiit (stage 
18)'^. Scanning electron microscopy reveals the absence of dehis- 
cence zones in mature shpl shp2 fruit at stage 18 (Fig. 2). 

As lignification within the fruit may contribute to pod shatter", 
we examined the lignification pattern of shpl shp2 fi-uit using 
phloroglucinol, a lignin-specific histological stain (Fig. 3). Whereas 




(a. b). e-h, Dehiscence zones are absent in shpl shp2ini\\ (stage 18). The valve margins 
of shpl shp2 fruit show far less definition than those of wild-type fruit, especially at the 
fruit base (e, fi. Scale bars, 1 00 yjn. 
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wild-type fruit (stage 17) show ligniiication of valve margin cells 
adjacent to the dehiscence zone throughout the fruit (Fig. 3a, c), we 
observed a reduction in valve margin cell lignification in shpl shp2 
fruit. These alterations are regional, as there was no valve margin 
lignification at the base of shpl shp2 fruit (Fig. 3b), but there were 
lignified valve margin cells toward the fruit apices (Fig. 3d). 
Lignification of an internal valve cell layer, which occurs slightly 
later in fi\iit development*^, is not affected in shpl shp2 mutants 
(Fig. 3b, d). 

As our results indicate that SHPl and SHP2 regulate valve margin 
development, we used two molecular markers derived from gene 
and enhancer trap screens^"*^* to monitor the cellular differentiation 
of wild-type and shpl shp2 valve margins and to identify possible 
downstream targets of SHPl and SHP2. Plants containing the valve 
margin molecular markers GT140 (ref. 20) and YJ36, which have 
distinct expression profiles, were crossed to shpl shp2 plants. Both 
markers show very different expression patterns in shpl shp2 fruit, 
demonstrating the altered fate of shpl shp2 valve margins (Fig. 4). In 
wild- type fruit, GT140 is expressed in stripes at the valve margin 
(Fig. 4a) and in a diffuse domain at the valve base (data not shown). 
Transverse sections of shpl shp2 fruit (stage 17) show that this 
marker is largely absent from cells at the valve margin (Fig. 4b), 
although a low level of expression remains at the base of the valves 
(data not shown). YJ36 is expressed in the outer and inner 
epidermal cells of the valve margin, the septum and the nectaries 
of wild-type fruit (Fig. 4c, and data not shown). The valve margin 
expression domains of this marker are largely absent in shpl shp2 
fruit whereas the other expression domains remain unchanged 
(Fig. 4d). 

.These loss-of-fiinction analyses show that SHPl and SHP2 encode 
redundant proteins required for proper development of the Arabidopsis 
fruit valve margin, including differentiation of dehiscence zone cells 
and hgnification of valve margin cells adjacent to the dehiscence 
zone. The altered expression patterns of both GT140 and YJ36 in 
shpl shp2 fruit suggest that their genes act downstream of, and are 
positively regulated by, SHPl and SHP2, As these genes are excellent 
candidates for transcriptional targets of SHPl and SHP2y we are 
currently investigating their identity and looking for other down- 
stream targets of SHPl and SHP2 at the valve margin. 



No other phenotypes were observed in the shpl shp2 double 
mutant, even though SHPl and SHP2 are also expressed in devel- 
oping ovules, the septmn, the nectaries and the style"'*^. SHPl and 
SHP2 activities in these regions may be functionally redundant with 
other genes, such as the MADS-box genes AGAMOUS (AG) and 
AGLIU which are closely related to SHPl and SHP2 and are also 
expressed in developing ovules^"^^. Further analysis of SHPl and 
SHP2 function in ovule development may have to await identifica- 
tion of an agll 1 loss-of- function allele and characterization of the 
aglll shpl shp2 triple mutant. 

To complement our loss-of-fiinction analyses of SHPl and SHP2y 
we also examined transgenic gain-of-function plants that constitu- 
tively express either SHPl or SHP2 under control of the cauliflower 
mosaic virus 35S promoter^ (35S::SHPI and 35S::SHP2). Flowers 
from plants constitutively expressing SHPl or SHP2 show a phe- 
notype similar to flowers from plants constitutively expressing the 
MADS-box gene AG^. Carpelloid sepals and staminoid petals are 
present in the first and second whorls, respectively, of 35S::SHPJ 
and 35S::SHP2 flowers (data not shown). In addition, 35S::SHPi 
and 35S::SHP2 fruit show a range of phenotypes, which are most 
consistent in plants carrying both the SHPl and SHP2 transgenes 
(Fig. 5). 35S::SHPi 35S::5HP2 fruit are nearly wild-type in length, 
but have a significantly smaller diameter. The valves of 35S::SHP1 
35S::SHP2 fhiit (stage 17) have a yeUowish-green appearance 
compared to the dark green colour of wild-type valves, and, 
before seed maturity, large tears can occur in the valve regions 
because of seed crowding (Fig. 5a). 

Scanning electron microscopy shows that the valves of 35S::SHPJ 
35S::SHP2 firuit (stage 17) diflfer from wild-type fruit valves (Fig. 5b). 
Guard cells and their associated subsidiary cells make up a large 
fraction of the outer epidermis of wild- type fruit valves (Fig. 2b), 
but these cells are not apparent in 35S::SHPJ 35S: :SHP2 valves. 
Instead, 35S::SHPi 35S::SHP2 valve outer epidermal cells appear 
homogeneously long and slender. Furthermore, the valve inner 
epidermis of 35S::5HPi 35S::SHP2 fruit contains about twice as 
many cells as seen in wUd-type fruit (Fig. 5e, f). 

Our loss-of-function studies indicate that SHPl and SHP2 
promote lignification of a subset of valve margin cells, so we 
analysed the lignification patterns of fruit that ectopically express 



a wt b shpl shp2 




Rgure 3 SHPl and promote valve margin lignification. Transverse sections of wild- 
type (a, c) and shpl shp2(^, d) fruit (stage 17) were stained with phloroglucinol. Smaii 
patches of valve margin (vm) ceils immediately adjacent to the dehiscence zones are 
lignified throughout wild-type fruit (a, c), whereas these lignified ceil patches are not seen 
at the bases of shp1 shp2ini\\ (b) and are reduced elsewhere in shpl shp2M (d). 
Usnff (edtfon of the vfiscufsr tm6^ Wl&eim \mm\ 6^ls^e(W\§m st^^§6 

in shpl shp2 \ru\X. Scale bars, 1 00 ^^m, 




Figure 4 SHPl and SHP2 regulate the expression of valve margin molecular markers, 
a, b, In wild-type fruit (a), the GT1 40 marker is expressed in stripes at the valve margin 
(vm); it is largely absent in shpl shp2Uu\\ (b). c, d, The YJ36 marker is expressed on the 
outer and inner surfaces of the wild-type valve margin (c) but not in shpl shp2 (d) fruit 
(Stage 1 7), YJ36 expression Is also found within the septum (s) of both wild-type and shpl 
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SHPly SHP2 or both genes. Although the^lignification pattern of 
35S::SHP2 fruit appears identical to that of wild-type fruit, 
35S::SHPi and 35S::5HPJ 35S::5HP2 fruit (stage 17) show ectopic 
lignification (Fig. 5d, and data not shown) of the valve mesophyll 
layers, with the most extensive lignification apparent in 35S::SHPJ 
35S:: SHP2 fruit. Cells at positions corresponding to the mesophyll 
layers are lignified at the valve margins of wild-type fruit (Fig. 5c), so 
ectopic lignification of the 35S::SHP1 35S::SHP2 valve mesophyll 
layers suggests that these layers have acquired a Lignified valve 
margin cell identity. 

As the GT140 and YJ36 molecular markers demonstrated the 
altered fate of shpl shp2 valve margins, plants containing these 
markers were crossed to 35S::SHPJ 35S::SHP2 plants. GT140 is 
expressed in stripes at the valve margin of wild- type finiit (Fig. 4a), 
but in mature 35S::SHPJ 35S::SHP2 fiiiit (stage 16/17) expression of 
this marker expands throughout the valves (Fig. 5g). Expansion of 
this marker is consistent with transformation of these valves to a 
valve margin fate, and with positive regulation of the corresponding 
gene by SHPl and SHPl. The expression profiles of YJ36 in wild- 
type and 35S::5HPi 35S::SHP2 fi^it are the same (data not shown), 
indicating that the corresponding gene is not involved in the 
transformed valve margin cell identity of 35S::SHPi 35S::SHP2 
fruit valves. 




figure 5 Ectopic expression of SHP1 and SHP2 interferes with vatve development a, 
Seed crowding can cause the valves (v) of 3bS::SHP1 3bS::SHP2ini\X (stage 17) to tear 
open before fmit dehiscence, b, Guard cell differentiation does not occur in the outer 
epidermis (oe) of Z5S::SHP1 35S::SWR2 fruit valves (see wild-type fruit valve, Rg. 2b). 
Instead, the outer epidermis consists of a homogeneous population of long, slender cells, 
c-l, Transverse sections of wild-type (c, e; stage 1 7 and 1 6, respectively) and 35S::SHP1 
Z5S::SHP2 (d. f) fruit (stage 1 7) stained with phloroglublnol (c, d) or toluidine blue (e, f). 
The valve mesophyll (me) cell layers are ectopically lignified (d) and the vatve inner 
epidermis (ie) has about twice as many cells (() in 3SS::SHP1 35S::SWP2 fmit. 
g« Expression of the GT140 valve margin marker expands throughout the valves of 
35S::SHP1 35S::5WP2 fruit (stage 16). Scale bars, 100 jtm. 



These observations indicate that constitutive expression of SHPl 
and SHP2 throughout the fruit alters development of the valve outer 
epidermis, the mesoph)dl layers and the inner epidermis, in a 
manner consistent with transformation of the valves to a valve 
margin fate, specifically to that of the valve margin cells adjacent to 
the dehiscence zone. As valve margin cells do not expand at the same 
rate as cells throughout the remainder of the valve*^, these trans- 
formations may explain the smaller diameter of 35S::SHP1 
35S::SHP2 ftnit. These gain-of-fiinction analyses suggest that 
neither SHPl nor SHP2 alone is sufficient to specify a valve 
margin fate throughout the firuit valve, as the severity of the 
observed phenotypes is considerably stronger when both transgenes 
are present. However, it is probable that these two genes do act 
redundantly and that the severity of the phenotypes is simply a 
reflection of the higher levels of SHP expression in the doubly 
transgenic plants. 

Remarkable phenotypic similarities are apparent between 
35S::SHP1 35S::SHP2 firuit and fioiit carrying mutant alleles of the 
FRUITFULL (FUL) MADS-box gene, although /w/ mutant siliques 
are much shorter than those of wild- type fiiiit, and the ful mutants 
exhibit additional phenotypes not seen in 35S::5HPi 35S::SHP2 
fiiiit^^. In the developing ftxiit, FUL is expressed throughout the 
valves in a complementary pattern to that of SHP1/SHP2 at the 
valve margin, and is required for valve cell differentiation and 
expansion after fertihzation"*^. Like 35S::SHPi 35S::SHP2 fiiiit, 
ful fruit exhibit substantial seed crowding because of a lack of lateral 
valve expansion, differentiation defects of the valve outer epidermis, 
ectopic lignification of the valve mesophyll layers and a significantiy 
increased number of valve inner epidermal cells (ref. 27; and S.J.L., 
C. Ferrandiz and M.RY., unpublished results). Similarities also exist 
between the shpl shp2 loss-of- function and 35S::PC7L gain-of- 
function phenotypes. Like the shpl shp2 double mutants, plants 
that constitutively express FUL also produce indehiscent fruit 
(C. Ferrandiz, S.J.L. and M.F.Y., unpublished results). These 
parallels suggest that the SHP and FUL MADS-box genes may 
interact antagonistically during valve margin development, and it 
will be intriguing to explore these possible interactions through 
expression analyses, construction of the shpl shp2ful triple mutant 
and the use of molecular markers. 

Arabidopsis is closely related to important oilseed crop plants 
such as canola {Brassica napus, B. rapa), where pod shatter causes . 
average annual yield losses of 20% and up to 50% under adverse 
weather conditions***. Our studies of Arabidopsis fruit dehiscence 
suggest several molecidar strategies to reduce pod shatter in crop 
plants by genetic engineering. In addition, the availability of 
Arabidopsis mutants that fail to dehisce will allow further investiga- 
tion of the cascade of gene activity that leads to formation of the 
valve margin and the progranuned series of events within these cells 

that results in firuit dehiscence, □ 

Methods 
Mutant screens 

The shpl-1 allele was obtained through a PCR-based screen of 5,600 T-DNA insertional 
lines, using a SHPi -specific oligonucleotide (oligo) (5'-CGTTATGAGGGGAAGAAACAA 
GTTATCATG-3') and an oligo firom the T-DNA left border (S'-GATGCACTCGAAATC 
AGCCAATTTTAGAC-3'). The T-DNA insertion occurs in the large first intron of the 
SHPl locus. Additional alleles of SHPl and SHP2 were obtained through ethyl 
methanesulphonate mutagenesis of shp2-l and shpl-l seed stocks, respectively. More than 
4,000 $hpl-l and 6,000 shp2-l M2 families were screened for plants with indehiscent fruit 
From these screens, three independent alleles of SHP2 and four independent alleles of 
SHPl were discovered. The shp2'2 allele contains a nucleotide substitution at the splice 
acceptor site of the fourth intron. The same nucleotide substitution at codon 115 in both 
the shpl '2 and shpl -5 alleles changes a glutamine to a stop codon in the K domain, and the 
shpl -4 allele contains a nucleotide substitution at the splice donor site of the fourth intron. 

Mutant genotyping 

Plants homozygous for the shpl - 1 and/or shp2- 1 alleles were identified by PGR genotyping 
as follows. Amplification with the oligo (5'-GTGACGGAAGGAGGGTTGACG-3') and a 
T-DNA specific oligo (above) yields a 597-base pair (bp) product in plants containing the 
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shpl-l allele; amplification using the oligos 5'-GTGACGGAAGGAGGGTTGACG-3' and 
5'-GTCTACTGATGAGTTGTCACrAGG-3' yields an 87 1 -bp product in plants with a 
wild-type allele of SHPl, and no product in plants homozygous for the shpl-l allele. 
Amplification using the oligos 5'-GAGGATAGAGAACACTACGAATCGTC-3' and 5'- 
CAGGTCAAGTCAATAGATTCCCTAC-3' yields a 1.5-kb product in plants with a wild- 
type allele of SHP2, and a single 2.8-kb product in plants homozygous for the shp2-l allele. 

Generation of transgenic plants 

A fiill-length SHPl complementary DNA was created by fusing the EcoRl fi-agments of 
pClT2241 and pCIT4219 (ref. 10). The SHPl cDNA was then doned into the BamHl site 
of pCGN18 (ref. 29)> to place SHPl transcription under the control of the viral 
35S promoter". A fiill-length SHP2 cDNA was PGR amplified with the oligos 
5'-GGAGATCTGAATTCAT CrrCCCATCC-3' and S'-CCGGTACCTCAAACAAGTTG- 
CAGAGGTGG1TGG TCrTGGTrGGAGGAATTCTGATTCGGTTCAAG-3', using 
pCIT2242 (ref. 10) as template. After doning this product into the TA vector (Invitrogen), 
a BgUVKpnl fragment containing the SHP2 cDNA was doned into the plant trans- 
formation vector pMON530 (Monsanto). The resulting construct also places SHP2 
transcription under control of the 35S promoter. Tran^enic plants were sdected on kanamydn 
after A^o&octenum -mediated transformation. 35S::5HPi plants are in the Landsbei^ 
erecta ecotype, whereas i5S::SHP2 plants are in the Columbia ecotype. 35S::SHP1 and 
35S::SHP2 plants were crossed to each other; in the Fl generation, 35S:«SHPJ 
35SV.SHP2 plants were identified by PGR genotyping using SHPl transgene-specific 
(5'-GAAGGTGGGAGTAGTCACGAC-3' and 5'-CGGAAGGAGGGTTGACGGCA-3') 
and SHP2 transgene-specific (5'-GGTGGTGCGAGTAATGAAGTA-3' and 
5'-TGGTCGGAGGGTTAAGGGCG-3') oligos. 

Scanning electron microscopy 

Fruit firom wild-type (Columbia ecotype), shpl shp2 mutants and ^SSvSHPl 35S::SHP2 
plants were fixed for approximately 4 h at 25 "C in FAA (50% ethanol, 5% glacial acetic 
acid, 3.7% formaldehyde) and prepared for scanning electron microscopy^'. Samples were 
examined in a Cambridge S360 scanning electron microscope using an accelerating 
voltage of 10 kV. 

Histological staining 

Tissue firom wild-type (Columbia ecotype), shpl shp2 and 35S::SHPJ 35S::5HP2 plants 
was fixed, sectioned and stained with toluidine blue" with minor modifications. For lignin 
analyses, sections were stained for 2 min in a 2% phloroglucinol solution in 95% ethanol, 
then photographed in 50% hydrochloric add. 

Molecular marker analyses 

The YJ36 enhancer trap line was generated by Agrobacterium-mcdiAted transformation 
with the plasmid pOCA-28-1 5-991 (ref. 21). Transgenic plants containing YJ36or GT140 
(ref. 20) were crossed to shpl shpl plants. Among the F2 population, plants with a ^pl 
shp2 phenotype that also carried the respective molecular marker were selected for further 
study. Fl plants ftt)m marker crosses to 35S::SHP1 35S::5HP2 plants were genotyped for 
both transgenes, and analysed further. For ^-glucuronidase expression analyses> fruit fi-om 
GT140, shpl shp2 GT140, 35S::SHPi 35S:-.SHP2 GTI40, YI36, shpl shpl YJ36 and 
35S::SHPJ 35S::SHP2 YJ36 plants were fixed, sectioned and stained as described* with 
minor modifications. 
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MHC dass I molecules function to present peptides eight to ten 
residues long to the inunune system. These peptides originate 
primarily from a cytosolic pool of proteins through the actions of 
proteasomes*, and are transported into the endoplasmic reticu- 
lum, where they assemble with nascent dass I molecules^. Most 
peptides are generated from proteins that are apparently meta- 
bolically stable. To explain this, we previously proposed that 
peptides arise from proteasomal degradation of defective riboso- 
mal products (DRiPs). DRiPs are polypeptides that never attain 
native structure owing to errors in translation or post-transla- 
tional processes necessary for proper protein folding^. Here we 
show, first, that DRiPs constitute upwards of 30% of newly 
synthesized proteins as determined in a variety of cell types; 
second, that at least some DRiPs represent ubiquitinated proteins; 
and last, that ubiquitinated DRiPs are formed from human 
immunodefidency virus polyprotein, a long-lived viral protein 
that serves as a source of antigenic peptides. 
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